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t r a c t
Damage mechanisms of injection molded polyamide-66/short glass fiber 30 wt% composite (PA66/GF30) were analyzed using in situ SEM mechanical tests on specimens conditioned under three relative humidity contents (RH = 0%, 50% and 100%). The validity of these in situ analyses was confirmed by Xray micro-computed tomography (lCT) observations on tensile loaded specimens. Experimental results demonstrated that relative humidity (RH) conditions influence strongly the damage level and damage mechanisms. Indeed, for specimen with RH = 0%, damage initiation occurs at significantly higher load level than those in RH = 50% and RH = 100% specimens. The higher relative humidity condition also results in higher damage level. Damage chronologies have been proposed as damage initiation in the form of fiber-matrix debonding occurs at fiber ends and more generally at locations where fibers are close to each other due to the generation of local stress concentration (for all studied RH contents), and first fiber breakages occur (RH = 0%). These debonded zones further propagate through fiber-matrix interface (for all studied RH contents), and new fiber breakages develop (RH = 0%). At high relative flexural stress, matrix microcracks appear and grow regardless the RH contents. For RH = 100%, these microcracks are also accompanied by many matrix deformation bands. Subsequently, they lead to the damage accumulation and then to the final failure.
Introduction
Polyamide/short glass fiber composite materials (PA/GF) are widely used in automotive industry due to their high strengthto-weight ratio and the ability of injection molding to produce affordable geometrically complex parts. One of the challenges of designing components made of PA/GF arises from the ability of polyamide matrix to absorb water. The amount of absorbed water, depending on the environmental conditions such as temperature and relative humidity, highly influences the physical, thermal and mechanical properties of the composite.
In polyamide thermoplastics, the polar amide groups generate strong interactions in the crystalline and amorphous phases, with hydrogen bonds being established between neighboring molecules. Despite their strong interactions, these hydrogen bonds exhibit a disadvantage as they can lead to water absorption. The water molecules in the amorphous phase can interact with the amide groups which consequently weaken the preexisting interchain hydrogen bonds. Eventually, this can increase the chains mobility of the polyamide (plasticization effect). Meanwhile, swelling effect can also occur since a certain amount of water is absorbed by the polyamide [1] [2] [3] [4] . The plasticization highly impacts the polyamide properties as it reduces its glass transition temperature [5] . It also influences the mechanical properties of the polyamide matrix such as a reduction of the strength and modulus while increasing the ductility [6] . The swelling effect of polyamide matrix can induce a mismatched fiber-matrix volume expansion and thus creating a residual stress which in turn can reduce the fiber-matrix interfacial properties [7, 8] .
Damage characterization of PA/GF has been studied by several authors. However, although the influence of environmental conditions, mainly the water uptake, on the physical and mechanical properties have been understood, no studies were analyzing the effect of relative humidity on the damage mechanisms and their effects on the overall mechanical behavior of PA/GF. The main paper focusing on in situ damage investigation of PA/GF is the work by Sato et al. [9] which reported that the damage starts from fiber ends and further propagates along the fiber-matrix interface. Horst and Spoormaker [10, 11] and Barbouchi et al. [12] studied the fatigue fracture surface of PA/GF and similar damage mechanisms as those proposed by Sato et al. [9] for static loading were observed. Mouhmid et al. [13] used acoustic emission and scanning electron microscopy (SEM) techniques to investigate different types of damage in PA/GF. They reported that the damage mechanisms in PA/GF are characterized by matrix plasticization and microcracks, fiber pull out and fracture. X-ray micro-computed tomography (lCT) technique has been used to investigate damage mechanisms in various composite materials [14] [15] [16] [17] [18] . Thanks to its inherent 3D analysis capabilities, the damage mechanisms can be identified and quantified in the bulk material, though usually careful data treatments are needed such as to resolve the lower resolution of lCT voxel as compared to the damage size and the presence of artifacts [18] [19] [20] . All these previous works did not focus on the effects of relative humidity on the damage initiation and accumulation in reinforced thermoplastics. Therefore, investigating the effects of relative humidity can be considered as important since it can change the matrix and interfacial properties of the composite and accordingly it may influence their damage mechanisms.
The study of the physical aspects of damage mechanisms is important to develop a more reliable and accurate modeling of their effects towards a reliable prediction of the overall mechanical behavior of the composite. A challenging topic in short fiber reinforced thermoplastics would be to develop models integrating the damage mechanisms, their initiation and kinetics. However, an extensive bibliographic review on reinforced thermoplastics shows that no modeling approach proposes unified consideration of the whole factors affecting the overall behavior and strength, i.e. composite microstructure, damage mechanisms, polymer rheology, hygrothermal conditions, loading level and paths, etc. [21] [22] [23] [24] [25] [26] .
In this work, in situ SEM tests were performed to identify the damage mechanisms of injection molded polyamide-66/short glass fiber 30 wt% composite (PA66/GF30) on specimens that have been conditioned at 23°C under three different relative humidity conditions: RH = 0%, 50% and 100%. The RH = 0%, 50% and 100% specimens represent approximately conditions where the composites are respectively in glassy, glass transition and rubbery states, according to the RH effect on the glass transition temperature [26, 27] . For a confirmation purpose, the results of lCT on the RH = 0% and 50% specimens will be presented. The results provided by the in situ SEM tests and lCT under different environmental conditions shall help to better understand the damage mechanisms of PA66/GF30 and then to implement them in a reliable modeling approach to predict the overall behavior of the composite.
Section 2 presents the material description and describes the procedure of sample preparation. In Section 3, the experimental procedures of in situ SEM tests and lCT are detailed. In Section 4, the results are discussed for each specimen conditioned under various relative humidity. The damage mechanisms are identified and compared in each case. Conclusions provide a damage scenario that considers the effect of the relative humidity content for the PA66/GF30 composite material.
Material description and sample preparation

PA66/GF30 and process induced microstructure description
The material for this study is Technyl Ò A218V30, a commercial grade of PA66/GF30 supplied by Solvay Engineering PlasticsFrance. The material was prepared by compounding the polyamide pellets and glass fibers in a twin-screw extruder. Subsequently, the PA66/GF30 compound was transferred into an injection molding machine, resulting in a 3.2 mm thickness of rectangular plate. The polished surfaces of the top and the through-thickness zones of machined specimen from the central region of injected plate were observed by scanning electron microscope (SEM). As described in Fig. 1 , this material has a specific microstructure characterized by a well-defined skin-shell-core layer formation. This microstructure was only noticed through the thickness of the material and no microstructure heterogeneity was found through the width and length of the rectangular plate. This type of formation has been frequently observed in a thin plate structure of thermoplastic composites manufactured by injection molding process [28] [29] [30] .
The skin layers, the upper and lower specimen surfaces, are randomly oriented and they represent about 5% of the plate thickness. The shell layers, with preferential orientation longitudinal with respect to the mold flow direction (MFD), are the most dominant layers. Indeed, they represent about 90% of the plate thickness. The core layer fills up to 5% of the plate thickness and mostly fibers in this layer are oriented perpendicular to MFD (Fig. 1) .
Basically, the injection process induced fibers distribution is commonly established through the open literature [28] [29] [30] . In fact, fibers are globally oriented parallel to the shear flow direction. This can be explained by the well-known velocity profile and its related shear flow distribution in a molded plate. The latter is the main flow component during injection process. It has a maximum value close to the mold wall, whereas the shear flow vanishes in the core zone. This leads fibers oriented longitudinal to MFD at the shell layers and oriented perpendicular to MFD at the core layer. A thin random skin layers can be formed due to the polymer melt that is in direct contact with the relatively cold temperature of the mold wall and thus fibers freeze without any preferential orientations.
Preparation of specimens
Specimens for in situ characterization were machined in longitudinal (parallel) direction to MFD from the rectangular plate produced by injection molding. The specimens were 45 mm long with 10 mm width and a thickness of 3.2 mm. The conditioning of the specimens have led to equilibrium moisture content corresponding to three different relative humidity conditions, i.e. RH = 0%, 50% and 100%. It is worth noting that the water uptake does not affect the composite microstructure. Accordingly, the material microstructure described in Section 2.1 is thus valid for the three studied RH conditions. An accelerated conditioning method was used to obtain an equilibrium water uptake equivalent to the RH = 0%, RH = 50% and RH = 100%, at 23°C. The sample conditioned under RH = 0% was first polished then conditioned under vacuum oven at 80°C for 15 h to repel the water and ensure zero moisture content in the whole sample. The RH = 50% specimen was first polished and then prepared according to ISO 1110 standard, as the specimen has been conditioned inside a weathering chamber at 70°C and RH = 62% until a constant weight was obtained. The procedure was continued by one week specimen conditioning at 23°C, RH = 50% to make homogenous and equilibrium water concentrations in the whole sample. The specimen with RH = 100% was obtained by immersing the sample in boiling water for 35 h, followed by sample polishing and then water immersion at room temperature for one week. Subsequently, all the dry and humid specimens were sputtered with a thin layer of gold prior to in situ SEM testing and observations. It is worth noting that the plasticization process governed by the water uptake of the polyamide is a reversible process. The water content of the sample can be thus reduced or increased depending on the RH condition. Therefore, ensuring the material to reach equilibrium water content according to the designated relative humidity condition is important.
Microscopic damage characterizations
In situ SEM bending tests
In situ observations were performed by subjecting the specimens into a flexural load using a three-point bending micro-machine, with a span length of 27 mm, positioned inside a large SEM chamber (JEOL JSM-7001F). The crosshead speed of the contact central-point was set up to 400 lm/min. The displacement of the crosshead speed was interrupted in fixed positions to allow the in situ observation and images acquisition. To reduce the relaxation effect in the material, the observation time while maintaining the load was limited to 3 min. The observation area corresponded to the thickness surface of the composite with a particular emphasize at the outermost tensile region of the specimen, notably at the shell layer of the specimen. The three-point bending loading condition leads to a maximum stress at the outermost tensile region, which has an advantage to narrow down the observation to the zone where the maximum damage can be expected. It must be emphasized that since the main objective of the current work is to focus on the damage mechanisms investigation, the in situ SEM observations carried out at very local and high magnification are hence required. Therefore local fiber configurations such as fibers close to each other, fiber orientation perpendicular and transverse to the macroscopic stress direction were frequently observed regardless to the fact that the in situ observations were mainly performed on the shell layer where average fiber orientation is perpendicular to the macroscopic stress direction.
X-ray micro-computed tomography (lCT) observations
For a confirmation purpose of the in situ SEM observations, lCT technique was employed to investigate the damage mechanisms of PA66/GF30 specimens conditioned at RH = 0% and 50% that have been subjected to tensile loading. Dog-bone tensile specimens were machined in longitudinal direction to MFD from the PA66/ GF30 rectangular plate. The virgin non-tested sample with RH = 0% extracted from the rectangular plate was also carried out for a comparison with the tensile loaded specimens. The lCT experiments were performed at beam line ID19 of European Synchrotron Radiation Facility (ESRF) in Grenoble, France [31] . The voxel resolutions achieved by the ID19 system were 0.7 and 1.4 lm. Both resolutions provided qualitatively relevant physical information. The lCT experiments were performed on samples with the size of 2 Â 2 Â 3.2 mm 3 . The tensile loaded lCT samples were extracted from the specimens that have been tensile loaded up to failure. The cutting locations of the samples were far from the fracture surface in order to avoid fast crack propagation effect due to the failure. It is expected that ultimate damage mechanisms can be found at this maximum load. Fig. 2 shows the normalized load -displacement responses of the in situ SEM three-point bending tests of PA66/GF30 specimens conditioned at various RH conditions. For each specimen, the relative ultimate loads before failure were recorded. Flexural strength (r f ) was defined, for each RH content, as the maximum flexural stress in the specimen at the ultimate load according to ISO 178 standard. Relative flexural stress was defined to be the ratio of flexural stress in the area of observation with respect to the flexural strength. As described in Fig. 2 , the RH content highly influences the mechanical properties of PA66/GF30. Flexural strength and stiffness of PA66/GF30 decreases with the increase of RH. The noticeable differences on the strength and modulus of PA66/ GF30 by variation of RH are assumed to be due to damage and plasticization effect. Indeed, the RH = 0%, 50% and 100% specimens represent the conditions where the composites are respectively in glassy (T g > T room ), glass transition (T g % T room ) and rubbery states (T g < T room ) [26, 27] . Strain to failure in RH = 50% and 100% specimens are higher than that in RH = 0% specimen, whereas no significant difference is observed between the strain to failure at RH = 50% and 100% specimens. While the increase of strain to failure due to higher RH is noticeable for pure polyamide 66, this phenomenon is not strongly marked for fiber reinforced composite material [32] .
Experimental results and discussion
Overall mechanical properties
4.2.
Experimental results on relative humidity effects 4.2.1. SEM observations and analysis (a) RH = 0% specimen: Fig. 3 shows typical microstructure observed on the thickness surface specimen before applying any load. For the three studied RH conditions (RH = 0%, RH = 50% and RH = 100%), the local views, corresponding respectively to Fig. 3a -c confirm that no indication of initial damage is observed regardless of the RH conditions. While the load increases, the damage on RH = 0% specimen starts to be noticeable at around 33% r f . Damage initiations in the form of interfacial debonding at fiber end and fiber breakages are observed (Fig. 4a) . It can be noticed in deformation between the fibers that are close to each other is larger than the other zones of matrix. It is assumed that the damage can also initiate from this location due to the local stress concentration. As the load increases, damage propagation along fiber-matrix interface (Fig. 4c) and fiber breakages at new locations are observed. At high relative flexural stress (95% r f ), matrix microcracks occur at location where broken fibers are close to each other (Fig. 14a) .
(b) RH = 50% specimen: Fig. 5a shows the surface of the specimen conditioned at RH = 50% subjected to a 30% r f . It can be seen that the damage is initiated in the form of interfacial debonding. However, it must be noticed that this damage initiation is not only observed at fiber ends but also at many locations where fibers are close to each other. The damage then propagates along the fibermatrix interface, occurring both through the in-plane and out-ofplane directions, as shown in Fig. 5b . Some fiber breakages are evidenced at high relative flexural stress. However these fiber breakages are statistically small and hence cannot be considered predominant in terms of damage level. At high relative flexural stress (98% r f ), matrix microcracks are observed (Figs. 5, 6, 7 and 14b). In addition, locally strained zone around fiber and cohesive fiber-matrix interface debonding are also evidenced, as shown in Figs. 6 and 7.
(c) RH = 100% specimen: Likewise to the RH = 50% specimen, the damage in RH = 100% specimen initiates at around 30% r f by fibermatrix debonding at fiber ends and at locations where fibers are close to each other. Afterwards, the debonding propagates along the fiber-matrix interface. At high relative flexural stress, some fiber breakages are noticed. However, these fiber breakages cannot be considered predominant in terms of damage level as the number is statistically small. Matrix deformation bands and debonded fiber-matrix interfaces accompanied with locally strained zone around the fibers are also frequently observed at high relative flexural stress (98% r f ), as shown in Figs. 8, 9 and 14c. Matrix deformation band is the zone where local matrix deformation is high. Compared to RH = 50% specimen, the RH = 100% specimen possesses significantly higher number of damaged area and higher occurrence of matrix microcracks and matrix deformation bands (Fig. 14c) . The sequential images of the RH = 100% specimen from its initial state to the stress level right before the final failure which describes completely the whole chronology of damage mechanisms in RH = 100% specimen can be seen in Fig. 10 .
Micro-computed tomography investigation and analysis of damage mechanisms
Damage mechanisms in PA66/GF30 composite with RH = 0% and 50% were assessed by lCT technique. The specimens were subjected to a tensile loading, which possesses the same loading as the outermost tensile region of the specimen under three-point bending load. As mentioned in Section 3.2, the lCT investigations were performed on samples extracted from the specimens that have been tensile loaded up to failure. These samples were extracted far from the fracture surface in order to focus the investigation in a damaged region and to avoid considering the localized failure zone. As shown in Figs. 11 and 12 obtained by lCT investigation of RH = 0% and 50% specimens, debonding at fiber ends and fiber sides, matrix microcracks and fiber breakages are observed. These findings confirm and strengthen the observations by in situ SEM test. The noticeable difference between RH = 0% and 50% specimens consists in the occurring of matrix microcracks. Indeed, while for RH = 0% specimen, the matrix microcracks exhibit brittle propagation, the ones in RH = 50% coalesce in ductile way. The 4 . PA66/GF30, RH = 0% specimen, (a) damage at fiber end and fiber breakages at 33% r f , (b) damage at fiber end and high plastic deformation between two adjacent fibers at 48% r f , and (c) damage propagation along fiber-matrix interface at 85% r f .
damage mechanisms found in the bulk material therefore correspond to the in situ SEM observations of the surface. This comparison confirms the validity of the in situ SEM observation technique described in this work to identify the damage mechanisms in PA66/GF30. The lCT observations at RH = 0% and 50% specimens are therefore considered sufficiently representative to complement the in situ SEM tests to investigate the damage mechanisms in dry and humid conditions. For a purpose of qualitative comparison of these investigations with those on a virgin sample (non-tested), lCT observations have been performed on a non-tested sample extracted from an injected plate (as received). Fig. 13 performed at a resolution of 0.7 lm does not show any noticeable damage for this non-tested sample. It confirms thus that the damage mechanisms evidenced on samples extracted from specimens loaded up to failure (Figs. 11 and 12 ) are induced by the applied stress. Consequently, they cannot be ascribed to a degradation induced by the injection process or to that induced by the machining during the lCT samples preparation.
Discussion
The damage mechanisms observed in PA66/GF30 are strongly affected by the moisture content variation. The flexural strength is reduced with increasing moisture content, which is assumed to be due to the combination of damage and polyamide plasticization effects (Fig. 2) . Consistent results are also observed regarding to the qualitative observation of the number of damaged zone on the composites surface which shows that the higher RH results in higher damage level, at every stage of the loading. Moreover, Fig. 14 shows a comparison of damaged area for the three specimens with different moisture content at high relative flexural stress near to the failure. It is obvious that the number of damaged area increases while increasing the moisture content. The presence of water molecules inside the composite can reduce the mechanical performances of the polyamide as well as the fiber-matrix interfacial properties due to the plasticization effect and the mismatched fiber-matrix expansion during the ageing period. This might bring about a change in the overall mechanical and damage properties of PA66/GF30.
The damage initiation in the form of fiber-matrix debonding at fiber ends is observed and this experimental finding confirms the results reported by Sato et al. [9] . However, the interface debonding at fiber ends are not the only locations where the damage initiation exclusively occur. Indeed, the damage initiates also from locations where fibers are relatively close to each other. This mechanism has been observed in all investigated specimens regardless their RH contents. These local configurations generate stress concentrations, which induce an early occurrence of the damage. The damage initiations for RH = 0%, RH = 50% and RH = 100% specimens start around 30% of their respective flexural strength. If these relative percentages of flexural stresses are converted into the normalized load values based on the y-axes of Fig. 2 , it can be seen that the damage initiations for RH = 0%, RH = 50% and RH = 100% respectively started at 0.33, 0.21 and 0.15 of normalized load values which shows that the damage in RH = 0% specimen starts to develop at significantly higher load level than those in RH = 50% and RH = 100% specimens.
For RH = 0% specimen where the water uptake is zero, the damage initiates at high load level and the damage remains confined and low. The damage has been notably observed in the form of fiber-matrix interfacial decohesions and fiber breakages (Fig. 4) . This indicates that the RH = 0% specimen exhibits good interfacial properties compared to both other RH conditions. This is mainly due to the absence of water content and small level of interfacial decohesion while stress level increases. The good interfacial properties insure a stress distribution in the fibers when the composite is subjected to mechanical loading. This aspect increases the probability of occurring of fiber breakages and thus it is possible to observe few fiber breakages at the damage onset corresponding to 33% of r f . As this is only the damage initiation, the number of fiber breakages is very limited and confined in few locations of the investigated zone. This is common in short fiber reinforced composites due to their aspect ratios, local orientation with respect to the macroscopic applied stress and the local multi-axial stress concentration. At high relative flexural stress, matrix microcracks initiate at locations where broken fibers are close to each other (Fig. 14a) . Fiber breakage induces stress redistribution into the matrix and surrounding fibers. Since locations where fibers are close to each other also generate local stress concentration, the matrix microcracks and another breakage of the adjacent fibers would occur. These matrix microcracks than propagate in a brittle way (Fig. 11) .
The specimens with RH = 50% and RH = 100% exhibit many fiber-matrix interfacial decohesions, with localized strained matrix around the decohesion zones. The difference between both RH levels is the lower damage level of RH = 50% specimen than that of RH = 100% specimen ( Fig. 14b and c) . Matrix microcracks that preferably propagate in a ductile way are observed both in RH = 50% and 100% specimens. Matrix deformation bands, which indicate high local deformation of matrix are observed frequently in RH = 100% specimen (Figs. 8 and 14c ). However, this occurrence is not dominant for RH = 50% specimen. It is noted that a high moisture induces a high plasticization effect, which could explain Fig. 13 . An overview of lCT observation carried-out on a virgin sample (nontested) extracted from an injected plate of PA66/GF30, RH = 0%. Noticeable damage, which can be induced by injection process or sample cutting preparation, is not observed. the presence of localized deformation band in the RH = 100% specimen.
It is noted that some fiber breakages are observed on the specimens with RH = 50% and RH = 100% at high relative flexural stress level. These fiber breakages occur statistically in small proportions and hence induce a load transfer to the surrounding matrix leading to the matrix microcracks and interfacial debonding propagation. In addition, as abovementioned in this section, fiber-matrix decohesion happens at a stress level significantly lower than in the case of RH = 0%. This indicates that the interfacial properties are degraded when the moisture content is high due the water uptake of the material. The water content has an influence on the matrix and therefore on the interfacial properties of PA66/GF30, which induces higher level of fiber-matrix decohesion. Due to the important fiber-matrix debonding, the stress magnitude in the fibers remains low even under high relative flexural stress, which explains why fiber breakages appear in small proportions compared to matrix microcracks and interfacial debonding.
Concluding remarks
The damage scenarios for PA66/GF30 specimens conditioned into different relative humidity contents have been investigated. Experimental results show that the relative humidity conditions strongly impact the damage mechanisms in terms of their level and chronology. The damage in RH = 0% specimen initiates at significantly higher load level that those in RH = 50% and RH = 100% specimens. The higher relative humidity conditions also results in higher damage level. The predominant damage mechanisms for RH = 0% specimen are fiber-matrix debonding at fiber ends and fiber sides, fiber breakages and brittle matrix crack propagation. RH = 50% and 100% specimens exhibit almost the same predominant damage mechanisms, though damage level between both RH contents is essentially different. For both RH contents, the predominant damage mechanisms are fibermatrix debonding at fiber ends and fiber sides, accompanied with locally strained matrix zone around the debonded fibers and ductile matrix microcracks. Matrix deformation bands are observed frequently in RH = 100% specimen but this occurrence is not dominant in RH = 50% specimen. Comparisons with lCT results indicate that the observations of in situ specimens at the surface matched suitably with that observed inside the specimen for dry and humid specimens.
Based on such observations, damage chronologies that include the effect of moisture content are proposed as follows:
(i) Damage initiation occurs in the form of fiber-matrix debonding at fiber ends and more generally at locations where fibers are relatively close to each other due to the generation of local stress concentration (for three studied RH contents). Specifically for RH = 0%, damage initiation can also occur through some fiber breakages besides the previous forms of mechanisms. (ii) Interfacial decohesions further propagate along the fibermatrix interface (for all studied RH contents) accompanied with locally strained zone around the fiber (for RH = 50% and 100%), and occurrence of new fiber breakages (for RH = 0%). (iii) At high relative flexural stress, matrix microcracks develop and propagate in a brittle way (for RH = 0%) and in a ductile way (for RH = 50% and 100%), accompanied with high matrix deformation bands (for RH = 100%). (iv) The propagation of the matrix microcracks brings about the damage accumulation leading to the total failure.
The current experimental findings on physical aspect of damage are of importance for identifying local damage criteria that would be implemented into a predictive micromechanical model [33, 34] . To this end, development of multi-scale constitutive models that include the damage evolution should integrate fiber-matrix interface damage kinetic coupled with the viscous rheology of the polyamide matrix in relation with the PA66/GF30 microstructure. A particular attention has to be devoted to the impact of the moisture content on the overall mechanical properties of the matrix and to the properties of the fiber-matrix interface to be able to accurately predict the occurrence of damage in PA66/GF30 composites.
